Abstract The study is focussed on the conditions that would provide the best ozone oxidation to decrease the taste and odour of the water from Eagle Gorge Reservoir. This study incorporated advanced analytical methods, such as solid phase microextraction (SPME) and flavour profile analyses (FPA), to evaluate the best method for improving taste and odour. The study developed first-order relationships between ozone dose and the oxidation of several taste and odour compounds. The results focussed on the importance and interactions between ozone dose, pH, hydrogen peroxide and contact time.
Introduction
The purpose of this paper is to better understand how ozone could be used to control objectionable tastes and odours in water from Eagle Gorge Reservoir, outside Tacoma Washington. Water is currently withdrawn from the hypolimnion of Eagle Creek and flows into the Green River. Algae or algal byproducts are not currently problematic. The Corps of Engineers plans to take water from nearer the surface where the fish are more prevalent during certain times of the year (see Figure 1 ). The changes in water quality that might occur can be inferred from a period when the Corps of Engineers increased the reservoir level. The total organic carbon (TOC) concentration in the surface waters increased from 1.5 to 3.0 mg/L. Algae counts increased from 2,000 to 5,000 per mL. In addition, the water was found to have an "earthy" or a "musty" smell.
The specific objectives of this research were to: † Determine the rate of oxidation and by extension, the amount of time needed for oxidation of geosmin and 2-methylisoborneol (MIB). † Determine the benefits of pH adjustment before ozonation. † Better understand the relationships and synergies between ozone dose, pH and hydrogen peroxide dose.
Methods
The reservoir water was spiked with 50 to 100 ng/L of geosmin and MIB and then ozonated under controlled conditions. The resulting samples were analysed for the presence of the taste and odour causing compounds directly using solid phase microextraction (SPME) and for odour using a technique known as Flavour Profile Analysis (FPA) (American Public Heath Association, 1998) . The intensity of the odour is quantified using the following scale:
Test 1 -rate of oxidation
The "Rate of Oxidation" tests were designed to determine the contact time needed. The test conditions analysed are outlined in Table 1 . A given ozone dose was applied to the test water, samples were collected at known reaction times, and the residual ozone was quenched using bisulphite. Samples were then analysed for geosmin and MIB concentrations.
Test 2 -pH adjustment
Oxidation tests were performed to simulate two pH conditions (7.0 and 8.2) with a 10-min contact time in a pipeline reactor. The test conditions are summarised in Table 2 . Ozone was introduced to an established target residual was reached. After 10-min, the ozone was quenched with bisulphite.
Test 3 -evaluation of ozone dose, pH and hydrogen peroxide interaction
The purpose of Test 3 was to determine the interactions of ozone dose, pH and hydrogen peroxide dose. The results were analysed using the ANOVA approach by treating the data set as an incomplete 3-facor, 3-level response surface experiment design. Further details regarding the experimental design and analysis can be found elsewhere (Chen et al., 2001) . Table 3 summarises the design and actual run conditions.
Test 4 -impact of hydrogen peroxide on chlorine demand
Chlorine demand was measured after 10 min of contact with ozone and peroxide. Test conditions were: chlorine dose of 2 mg/L, chlorine contact time of 15 min, and temperature of 208C. 
Results
Test 1-rate of oxidation results Figure 2 shows the results expressed as a first order reaction. The tests showed that much of the ozonation is complete in 2 min and the oxidation of geosmin is more rapid than the oxidation of MIB. It is notable that none of intercepts pass through the zero point, suggesting a very rapid initial removal of the geosmin (faster than 2-min) followed by a slower removal. Previous studies have suggested that oxidation via the hydroxyl radical pathway is very rapid, and that oxidation via direct oxidation by ozone is slower (Langlais et al., 1991) . The FPA results are summarised in Figure 3 , which depicts the intensity of the odours described but does not include the standard deviations. The results show that with increasing contact time the odours transitioned from musty to sweet and then to just chlorine. This same sample was also tested after the chlorine was removed with bisulphite and showed similar pattern transitioning from musty and earthy to sweet after 10-min. A grassy odour is revealed in the raw water that was masked when chlorine was present.
The removal cis-3-hexene-1-ol; trans, trans,-2-4-heptadienal; cis-3-hexenyl acetate; 2-isopropyl-3-methoxypyrazine; and heptanal was also tested. The first order relationships are listed in Table 4 in order of decreasing reactivity to ozone. The test results indicate that these compounds are easily treated with ozone and are not expected to drive the ozone sizing.
Test 2-pH adjustment results
The purpose of this test was to determine the impact of adjusting the pH when other variables remain unchanged. Water pH is commonly adjusted from near neutral to 8.2 to limit corrosion. The pH can be adjusted before or after ozonation.
The data are summarised graphically in Figure 4 . Greater removals were obtained when the pH was increased to 8.2. Note that because some of the compound (approximately 35%) is removed as the background ozone demand is satisfied, the relationship depicted in Figure 7 does not go through zero. Figure 5 shows that before ozone is added to the water the panelists detected a muddy odour that was just above slight in intensity level. With the addition of enough ozone to result in a 0.1 mg/L residual, this muddy odour was replaced with sweet and soapy odours that were between threshold and slight. At a residual of 0.3 mg/L ozone, the only detectable odour was chlorine. Figure 6 shows that raising the pH to 8.2 made the odours much more prevalent than at pH 6.2. A moderately strong varnish odour was observed along with muddy and musty odours. Ozone at a 0.1 mg/L dose removed these objectionable odours which were replaced with chlorine and a sweet odour. There was little improvement in the odour of the water as the ozone residual increased. The results of this testing support previous findings (Crozes et al., 1997 ) that a sweet spot exists when it comes to ozone dose. Too little ozone will not fully oxidise the taste and odour compounds. Too much ozone can drive the formation of buttery, rancid or soapy odours. The ozone residual needed to hit the sweet spot is in the 0.1 to 0.3 mg/L range. The FPA results do not show an improvement at increased pH. Figure 7 plots the main effects and two-factor interacting effects to determine which factors are significant. Ozone dose is the only significant single factor that has positive effect on odorant removal (20% more removals at higher ozone dose after 2 min reaction time). The interaction between ozone and peroxide was also significant. Note: the greater the magnitude of the first order coefficient, the faster the reaction proceeds As shown in Figure 9 , hydrogen peroxide increased chlorine demand from a baseline of 0.4 to over 1.5 mg/L.
Results and conclusions
Ozonation of geosmin and MIB is a fast reaction, and most of the oxidation occurs in the first 2 min. Regardless, 5 min contact time always allowed 4 -5% to five percent more complete removals of geosmin and MIB than 2 min. The data indicate that a contact time of 10 min provided sufficient contact time. Increasing the pH resulted in increased odours being detected by the panel. However, the analytical testing showed oxidation to be slightly more effective at higher pHs. Ozone dose is probably the most important factor among all variables in determining the removals of geosmin and MIB. In this water, an ozone dose of 0.7 mg/L will be sufficient for routine operation with 30 ng/L or less of geosmin and MIB and may need to be as great as 2 mg/L to accommodate severe taste and odour events. Ozone with hydrogen peroxide, or advanced oxidation mode, seems to have both synergistic and antagonistic effects on geosmin and MIB removals. A high hydrogen peroxide to ozone ratio (. 0.5 mg/mg) only enhances removals if the ozone dose is above 1.0 mg/L. Coupling the high H 2 O 2 /O 3 ratio (0.8) with a low ozone dose (,0.8 mg/L) will likely see no improvement or even decreased removals than with the low H 2 O 2 /O 3 ratio, or may be ozone alone (no direct data comparison). In addition, hydrogen peroxide has a significant impact on chlorine residual. It is reasonable to expect that hydrogen peroxide would only be used in the most extreme case and perhaps not at all if taste and odours do not become severe. 
